Introduction
1 4 (Fig. 4D ). In addition, it contained low amounts of Rha and Gal (more clearly detected in TW 294 samples than in NW samples). The immunoblot analysis also revealed the presence of β-(1→4)-295 galactan and rhamnogalacturonan I backbone, which is consistent with the presence of RG-I 296 polymer in this subfraction. Signals from LM5 and RU2 antibodies were far stronger in TW 297 than in NW samples, indicating that RG-I, and β-(1→4)-galactan epitopes, are more abundant in 298 TW (Fig. 4D) . 299
Xyl(Man) were also the most abundant sugars in the low molecular weight subfraction, 300 but Rha, Ara, Gal, Glc and GalA were also detected ( were only detected in TW, while β-(1→4)-xylan and β-(1→4)-mannan were detected in both 304 TW and NW (Fig. 4) . 305
The separation of polymers into two clear peaks (Fig. 4A) , each of which contained 306
Xyl(Man) and was labeled in immunodot analysis by LM11 and LM21 antibodies, suggested the 307 presence of two populations of β-(1→4)-xylan and β-(1→4)-mannan molecules in the KOH-308 extractable fraction of both NW and TW. These populations might differ in the presence of 309 some intermolecular interactions or linkages. Similarly, there were two populations of β-(1→4)-310 galactan, both of which were far more abundant in TW. XG was only detected in TW as an 311 oligomer or low molecular weight polysaccharide. 312 313
Cellulose-retained polymers 314
Polymers isolated from the alkali-unextractable pellets by dissolution with LiCl in DMA 315 and subsequent cellulase treatment were separated by gel-filtration into two major subfractions 316 with very distinct compositions (Fig. 5A) . One was represented by a peak in the 50-200 kDa 317 molecular mass region and more pronounced in TW samples, while the other eluted mainly in 318 the < 5 kDa region and was less pronounced in TW samples than in NW samples. The latter had 319 very similar monomeric sugar constitutions in NW and TW samples, with high Glc and Xyl 320 contents, suggesting the presence of oligomeric fragments of xylan and probably contaminating 321 products of cellulase digestion (Fig. 2) , so it was not further examined. The higher molecular 322 mass subfraction, in contrast, differed in composition between NW and TW (Fig. 5) . The 323 proportion of Gal, the major monomer, was considerably higher, while the proportion of Man, 324 the second most abundant monomer and indicative of mannan, was lower in TW samples. The 325 remaining monosaccharides (including Rha and GalA, indicative of RG-I) were present in 326 similar proportions in both wood types (Fig. 2) . Interestingly, Man was substantially more 327 abundant than Xyl in the cellulose-retained fraction of both TW and NW, in sharp contrast to the 328 88:12 Xyl to Man ratio in the KOH extractable fraction (Fig. 5) . 329
The high molecular mass polysaccharides were further characterized by enzyme 330 hydrolysis and PACE analysis.
Following the endo-β-(1→4)-galactanase treatment, 331 oligosaccharides co-migrating with Gal, β-(1→4)-galactan dimer and trimer were released from 332 the TW samples. Very small amounts of β-(1→4)-galactooligosaccharides were detected in this 333 fraction from NW (despite loading gels with the same amounts of total sugar as when analyzing 334 TW samples), indicating that extremely little β-(1→4)-galactan is present in this fraction of 335 NW, although it is the major polymer in the corresponding TW fraction (Fig. 5D , green 336 arrowheads). To investigate whether the RG-I backbone was also present in this subfraction, the 337 same amounts of TW and NW polymers were subjected to digestion by RG-I lyase and the 338 digestion products were analyzed by separating charged oligosaccharides on 2-aminoacridone 339 (AMAC) gels (Tryfona et al., 2012) . These treatments released and resolved a number of RG-I 340 lyase products with various DPs. Due to the absence of appropriate standards the released 341 oligosaccharides could not be further characterized.
However, comparison of the 342 oligosaccharide profiles obtained from NW and TW samples shows that they differed in 343 abundance of some of the released oligosaccharides (Fig. 5D , orange arrowheads). This suggests 344 that the RG-I branching pattern is modified in TW compared to NW. TW samples yielded 345 considerably more of the analyzed subfraction than NW samples, suggesting that RG-I 346 backbones are considerably more abundant in TW. Type II arabinogalactans were also analyzed 347 by exo-β-(1→3)-galactanase hydrolysis and PACE analysis. To allow direct comparison of NW 348 and TW samples they were adjusted to equalize their Ara contents before this analysis. Higher 349 amounts of AG-II were present in TW relative to NW samples, according to differences in 350 abundance of Gal, (Me)GlcA-Gal, (Me)GlcA-Gal 2 and β-1,6-Gal 2 oligosaccharides (Fig. 5E, red  351 arrowheads). This indicates that the TW subfraction contains more AG-II polysaccharides than 352 the corresponding NW subfraction. Moreover, the proportion of these acidic oligosaccharides 353 was higher in this subfraction of TW than in the buffer-soluble subfraction (compare Fig. 5 and 354 To obtain more structural information about the β-(1→4)-galactan that was found to be 357 the most prominent of the high molecular weight polymers in the cellulose-retained fraction of 358 TW, a sample of these polymers was analyzed by NMR spectroscopy. In the anomeric region of 359 the 1 H spectrum the most intense signal arose from the H1 of β-D-Gal (4.63 ppm). Signals in the 360 4.72-5.25 ppm region could result from mannose (Man), rhamnose (Rha) and galacturonic acid 361 (GalA) residues. High-intensity signals in the aliphatic spectral region arose mainly from β-D-362
Gal. Signals at 4.63 (H1) and 4.16 (H4) ppm indicated that Gal is 1,4-linked. Signals at 1.24 363 and 1.32 ppm, respectively assigned to methyl groups of 2-Rha and 2,4-Rha, suggest that relative 364
proportions of branched and unbranched Rha were 47% and 53%. The ratio (2.71 to 0.45) of 365 integral intensities of well-separated Gal signal (H4) and signals from the three protons of the 366 methyl group of 2,4-Rha indicates that the average length of the β-(1→4)-Gal chains was 367 approximately 18 monomers. 368
369
Immunocytochemical localization of polysaccharides in wood sections identifies polymers of 370 the compound middle lamella, S-and G-layers 371
The polymers that were biochemically identified as differentially abundant in various 372 fractions of TW and NW were localized in different cell wall layers by immunocytochemistry. 373
Representative patters of labeling are shown in Fig. 6 and Fig. S2 . The G-layers of TW fibers 374 were heavily labeled with LM5 antibody, specific for β-(1→4)-galactans, while S-layers of both 375 TW and NW were devoid of this labeling ( Fig. 6A and Fig. 6B ). Signals from LM5 were also 376 detected in the compound middle lamella in both TW and NW. A similar distribution was 377 observed for RG-I backbone epitopes specifically recognized by the RU2 antibody ( Fig. 6C and1 8 Fig. 6D ). A reciprocal label distribution was observed with LM11 antibody, which recognizes β-379 (1→4)-xylan, as it solely labeled S-layers in both TW and NW fibers ( Fig. 6E and Fig. 6F ). 380 LM15 revealed XG epitopes in the compound middle lamella, which were more abundant in TW 381 than in NW, and some signals at the S-G boundary and innermost (developing) G-layers in TW 382 fibers ( Fig. 6G and Fig. 6H ). Attempts to immunolocalize AG-II by electron microscopy were 383 not successful, although signals from the antibodies used were observed in the periplasm of ray 384 parenchyma cells. Similar observations were reported by Lafarguette et al. (2004) . We detected 385 no labeling of fiber cell walls in either TW or NW samples by either the JIM14 antibody, 386 recently classified by multivariate analysis as recognizing AG-II epitopes designated AG-4, or 387 M7 and M22 antibodies classified as recognizing epitopes in RG-I and/or AG-II designated RG-388 I/AG (Pattathil et al., 2010) . LM21, which specifically binds to β-(1→4)-mannans was the only 389 antibody that bound both S-layers in TW and NW and G-layers in TW (Fig. 6I and Fig. 6J ). 390 LM21 labeling was weaker in TW S-layers than in TW G-layers and NW S-layers. No labeling 391 was detected in control experiments omitting primary antibodies. 392
393
In situ assays reveal higher β-1,4-galactosidase activity in TW than in NW
394
In gelatinous fibers of flax, the β-(1→4)-galactan is modified by a cell wall GH35 β-395 galactosidase, which is essential for processing of the high molecular mass galactan and 396 development of a highly crystalline cellulosic cell wall layer (Mikshina, et al., 2009; Roach et 397 al., 2011; Mokshina et al., 2012) . We therefore investigated if development of TW also involves 398 β-1,4-galactosidase activity. Freshly prepared TW and NW sections were incubated with Gal-β-399 resorufin, and the release of resorufin by endogenous β-1,4-galactosidase activity was monitored 400 in real time in situ, following Ibatullin et al. (2009) and Banasiak et al. (2014) . β-1,4-401 galactosidase signals were detected in developing NW and TW cell walls and were distinctly 402 stronger in the latter (Fig. 7) . In TW samples the signals were most intense in the outer cell wall 403 layers (perhaps the compound middle lamella) and G-layer. No signal was detected in control 404 sections heated before the assay to denature proteins. 
TW and NW 410
The major cytological difference between TW and NW in aspen, as in many angiosperms, 411
is the formation of a tertiary gelatinous (G) cell wall layer in TW fibers (Fig. 1) . This layer lacks 412 lignin and has very high cellulose contents, cellulose microfibrils oriented parallel to fibers' 413 longitudinal axes, large cellulose crystallites, high mezoporosity, and distinct matrix 414 polysaccharides (reviewed in Mellerowicz and Gorshkova, 2012) . Further cytochemical and 415 21 biochemical comparisons of matrix cell wall polysaccharides in aspen TW and NW revealed the 416 following similarities and distinctions. 417
Xylan is by far the major matrix polymer in both TW and NW ( Fig. 1 and Fig. 2 , Table 1  418   and Table 2 ). However, the G-layer in aspen TW does not bind the anti-xylan antibody LM11, 419 which heavily labels S-layers (Fig. 6 ). Previous assays with several antibodies recognizing 420 secondary wall xylan (LM10, LM11 and AX1) indicate that xylan is also restricted to S-layers in 421 gelatinous TW of several species (Bowling and Vaughn, 2008; Decou et al., 2009) . Sparse 422 labeling of G-layers (relative to S-layers) by LM11 (with no LM10 labeling) in hybrid aspen has 423 been reported (Kim and Daniel, 2012) , but Nishikubo et al. (2007) detected no xylan in linkage 424 analysis of isolated G-layers. Thus, exclusion of xylan from the G-layers appears to be the main 425 cause of lower Xyl content in TW (Fig. 1) . It also correlates with transcriptomic changes 426 observed following TW induction in aspen, including downregulation of transcripts encoding 427 UDP-xylose synthase, GT8 family members (GT8E, GT8F-1, GT8F-2 -similar to PARVUS, 428 and GT8B-2 -similar to GUX1), and GT47C, all of which are involved in xylan biosynthesis 429 (Nishikubo et al., 2007; Bowling 434 and Vaughn, 2008; Mellerowicz et al., 2008; Baba et al., 2009; Sandquist et al., 2010) . Our 435 LM15 labeling confirms its localization in the compound middle lamella, S2/G layer boundaries, 436 and developing G-layers in aspen (Fig. 6) . Sequential extraction and size exclusion analyses 437 presented here also show that XG with a low molecular weight (10 kDa) is more abundant in 438 KOH-extractable polymers of TW than in those of NW ( Fig. 2 and Fig. 4 ). Only trace amounts 439 of XG were present in the cellulose-retained polymer fraction in TW (Fig. 2) . 440
The only matrix polymer deposited in both S-and G-layers is β-(1→4)-mannan (Fig. 6I,  441 Fig . 6J ). Its presence in isolated G-layers is supported by sugar and linkage analysis (Furuya et 442 al., 1970; Nishikubo et al., 2007) . Labeling by LM21 was more prominent in G-layers, as 443 previously reported (Kim and Daniel, 2012) . However, Man and mannan contents were lower in 444 TW than in NW ( Fig. 1C ; Hederström et al., 2009 ) and transcripts encoding three GDP-Man-445 pyrophosphorylases, and the putative mannan synthase PtGT2A, are reportedly correspondingly 446 reduced (Andersson-Gunnerås et al., 2006) . These findings indicate that mannan levels are 447 reduced in S-layers of TW samples, and LM21 labels S-layers less intensely in TW than in NW 448 (Fig. 6I, Fig. 6J ). Interestingly, mannan is one of the main polymers of the cellulose-retained 449 fraction of both NW and TW, but more abundant in NW (Fig. 5 ). According to previous 450 22 proposals, the polymer that directly interacts with cellulose in S-layers is mannan in conifers 451 (Åkerholm and Salmén, 2001 ) and xylan in hardwoods (Salmén and Burgert, 2009) (Table 1) , which is expected to contain most AGPs due to their high water-solubility and 461
proposed periplasmic location (Lamport and Varnai, 2013) , and structural differences between 462 buffer-soluble AG-II of TW and NW ( Fig. 3) , confirmed that specific AGPs are upregulated in 463 TW. These AGPs were not recognized by JIM14, which labeled AG-II in all analyzed fractions 464 more strongly in NW than TW, and KOH-extractable polymers most strongly (Fig. 2) . Thus, 465 these JIM14 signals in AG-II probably did not correspond to FLA11-and FLA12-like AGPs. In 466 addition to high abundance in the buffer-soluble fraction, AG-II has been identified as one of the 467 main compounds of cellulose-retained high molecular weight polymers (Fig. 5) . Interestingly, 468 this fraction of TW contained significantly more exo-1,3-galactanase-susceptible AG-II, relative 469 to Ara, than the corresponding NW fraction, suggesting that β-(1→ 3)-galactan specifically 470 expands in TW. Moreover, both buffer-soluble and cellulose-retained AG-II polymers of TW 471 were more acidic than those of NW ( Fig. 3D and Fig. 5E ). Acidic forms of AGP could play 472 more than a structural role in TW. GlcA of AG-II may be involved in stoichiometric binding of 473 Ca 2+ (Lamport and Varnai, 2013) , which plays key roles in plant signaling pathways (Kudla et 474 al., 2010) . Thus, our data imply that Ca 2+ associated with special acidic AG-II may participate in 475 TW development. 476
Our data also clearly show that higher abundance of RG-I backbone and long β-(1→4)-477 galactan chains are the main biochemical features distinguishing TW from NW ( Table 2 ). Higher proportions of Gal have been detected in TW than in NW of several 479 species (Meier, 1962; Kuo and Timmel, 1969; Furuya et al., 1970; Ruel and Barnoud, 1978; 480 Mizrachi et al., 2014) and β-(1→4)-galactan has been detected in G-layers of aspen (Arend, 481 2008 ). However, β-(1→4)-galactan has not been previously shown to co-occur with RG-I in 482 TW. We detected RG-I backbone and β-(1→4)-galactan signals from RU2 and LM5 antibodies, 483 respectively, in the compound middle lamella and G-layer (Fig. 6 ). We also detected RG-I 484 23 backbone and β-(1→4)-galactan in all polysaccharide fractions of TW (Fig. 2, Fig. 5 ), including 485 polymers retained in cell walls so tightly that they can be extracted only after dissolution of 486 cellulose microfibrils. In lignified cell walls a polysaccharide may remain unextractable by 487 strong alkali if it is linked to lignin, but as there is virtually no lignin in G-layers (Love et al., 488 1994 , Gorshkova et al., 2000 Kaku et al., 2009) in aspen, it has been fully resolved in flax (Mikshina et al., 2012; 2014) . Flax fiber RG-I 500 molecules can form water-soluble complexes having β-(1→4)-galactan chains in the center and 501 acidic RG-I backbones at the periphery (Mikshina et al., 2015) . Structural similarities suggest 502 that the aspen TW counterpart also has such ability. Acidic AG-II, detected in the cellulose-503 retained fraction of aspen TW, has not been characterized to date in flax fibers. However, strong 504 upregulation of FLA11-and FLA12-like AGPs during flax fiber development (Roach and 505 Deyholos 2007) suggests that this form of AG-II is also present in flax. The relationship 506 between AG-II and RG-I-both of which are potential sources of carboxylic acid residues 507 observed by dynamic FTIR spectroscopy in aspen TW (Olsson et al., 2011 )-remains to be 508 determined. 509
In flax, mature G-layers form from initially deposited Gn-layers, which can be clearly 510 distinguished in electron micrographs (Gorshkova et al., 2004 (Gorshkova et al., , 2010 . The maturation involves 511 post-deposition modification of nascent RG-I galactan by the galactosidase LuBGAL1 (Mikshina 512 et al., 2009; Roach et al., 2011; Mokshina et al., 2012) , and is essential for flax stems' 513 mechanical properties (Roach et al., 2011) . The Gn structure is not pronounced in TW fibers, 514 but many studies have detected an inner G-layer with different properties from the rest 515 (Lafarguette et al., 2004; Joseleau et al., 2004; Gerlinger and Schwanninger, 2006) . Moreover, 516
we detected high β-galactosidase activity in developing TW fibers (Fig. 7) , and a flax-specific 517 galactosidase epitope has been detected in the G-layer of aspen TW (Mokshina et al., 2012) , 518 strongly suggesting involvement of a homologous galactosidase in pectic β-(1→4)-galactan 519 processing in TW. 520
The key difference in cell wall organization between gelatinous phloic fibers of flax and 521 gelatinous xylary fibers of aspen concerns the degree of S-layer development. The flax S-layer 522 is difficult to discern even in electron micrographs (Andème-Onzighi et al., 2000; Salnikov et al., 523 2008) , but can be revealed by labeling with xylan-specific antibodies (Gorshkova et al., 2010) . 524
Thus, both types of gelatinous fibers have the same general type of cell wall architecture with 525 primary, secondary and tertiary walls. Aspen TW fibers, as in other tree species, always have at 526 least one well-developed S-layer (Fagerstedt et al., 2014) characterized by the presence of xylan 527 and helicoidal orientation of cellulose microfibrils with high cellulose microfibril angles (Clair et 528 al., 2011; Rüggeberg et al., 2013) . A xylan layer with nearly transversal cellulose orientation is 529 probably required for its resistance to radial compression, which is poor in the G-layer with axial 530 cellulose orientation. In herbaceous plants the mechanical forces acting on developing phloem 531 fibers in radial direction (and hence the need for S-layers) may be weaker than in wood. 532
Thus, although flax and aspen are sufficiently closely related to belong to the same order 533 (Malpighiales), they develop gelatinous fibers in different tissues and of different origin (in 534 primary phloem initiated from the procambium and in secondary xylem produced by the vascular 535 cambium, respectively). The structural similarities of these fibers suggest that other contractile 536 cell walls with G-layers may also have similar structures and properties. 537 links (Nishikubo et al., 2007; Bowling and Voughn, 2008; Sandquist et al., 2010) . The G-layers 545
were long assumed to consist almost entirely of cellulose (Norberg and Meier 1966) . 546
Consequently, hypotheses regarding the origin of tension were based on cellulose microfibrils' 547 arrangements (Burgert and Fratzl, 2009 ). All microfibrils in thick G-layers lie almost parallel to 548 each other and the longitudinal cell axis, in sharp contrast to the helicoidal arrangement of 549 microfibrils in secondary cell wall layers (Rüggeberg et al., 2013; Fagerstedt et al., 2014) . The 550 difference in microfibril orientation provides the basis for pine cone opening and wheat awn 551 movement mechanisms (Burgert and Fratzl, 2009) , and may be involved in creation of tension in 552 25 TW (Goswami et al., 2008) . However, this mechanism is highly dependent on air humidity and 553 the movement is reversible, which is not the case in TW. Thus, additional factors must influence 554 tension creation involving G-layers. 555
Re-discovery of the significant content of matrix polysaccharides in the G-layer (reviewed 556 in Mellerowicz and Gorshkova, 2012; Fagerstedt et al., 2014 ) increased attention to their 557 possible role in tension generation (Fournier et al., 2014) . Recent evidence shows that cellulose 558 crystallites of the G-layers have larger lattice spacing than corresponding crystallites of the S-559 layers in NW, and this difference appears as the G-layer is deposited (Clair et al., 2011) . The 560 spacing is reduced as the tension stress is released and its reduction corresponds exactly to 561 macroscopic strain at the stem surface, indicating that cellulose fibrils are under tension in TW 562 (Clair et al., 2006) . We previously suggested that the tension could arise during microfibril 563 lateral interaction with entrapment of matrix polysaccharides (Mellerowicz et al., 2008, 564 Mellerowicz and . With low matrix polysaccharide contents and no lignin, 565 microfibril lateral contacts are frequent in the G-layer, leading to the formation of macrofibrils 566 and explaining its high crystallinity (Müller et al., 2006; Yamamoto et al., 2009 ). However, 567 entrapment of polysaccharides between cellulose microfibrils would limit their interaction and 568 force them to bend around these polymers, thereby increasing the longitudinal lattice distance 569 stretching the microfibrils and creating tension in them (Mellerowicz et al., 2008, Mellerowicz 570 and . 571
The present work identified polymers trapped within cellulose fibrils in TW of hybrid 572 aspen as RG-I with β-(1 → 4)-galactan accompanied by a specific acidic form of AG-II. 573
Conditions for lateral interaction of cellulose microfibrils in TW may be provided in murо by 574 trimming of the deposited galactans by fiber-specific galactosidases (Roach et al., 2011 , 575 Mokshina et al., 2012 Fig. 7) . A gelatinous fiber model consistent with these new data is 576 presented in Fig. 8 . RG-I with β-(1 → 4)-galactan is thought to form water-soluble 577 supramolecular structures with low affinity to cellulose (Mikshina et al., 2015) . The high 578 hygroscopicity of RG-I (and possibly acidic AG-II) would retain water in the G-layer (Schreiber 579 et al., 2010) , accounting for these layers' gel-like properties and their collapse during TW drying 580 (Clair et al., 2006; Clair et al., 2008) . Pockets containing these hydrated polymers could also 581 explain the characteristically high mesoporosity of G-layers (Clair et al., 2008; Chang et al., 582 2009; 2015) . Mesopores of various sizes (2-60 nm) and shapes (ink bottle and slit-like) 583
reportedly form during G-layer deposition (Chang et al., 2015) , correlating with tensional stress 584 development (Clair et al., 2011) . Thus, hydrated galactans identified in this study as cellulose-585 retained polymers could provide the contractile driving force in TW G-layers. 586 587 2 6
Materials and Methods

588
Plant material 589
Rooted cuttings of hybrid aspen (Populus tremula L. × tremuloides Michx.), clone T89, 590 were grown in a greenhouse at 20° C and 60% relative humidity with an 18 hr photoperiod and 591 GmbH, Haan, Germany) at 14 000 rpm and in each case the resulting powder was passed 602 through a sieve with 0.5 mm mesh. 603
604
Cell wall isolation and fractionation 605
Portions of the powdered TW and NW samples (1 g for each replicate) were 606 homogenized on ice in 30 ml of 50 mM KH 2 PO 4 -NaOH buffer, pH 7.0. After centrifugation of 607 each homogenate (8000 g, 25 min), the supernatant was filtered and incubated for 15 min in a 608 boiling water bath to inactivate endogenous enzymes. The supernatant was then cooled, ethanol 609 was added to 80% (v/v) and the mixture was incubated overnight at 4°C to precipitate the buffer-610 extractable polysaccharides. The resulting pellet was washed three times with 80% ethanol and 611 once with 80% acetone then dried. 612
Cell wall material from each pellet obtained after homogenization was isolated according 613 to Talmage et al. (1973) . Briefly, it was sequentially washed with water (3x), 80% ethanol, 614 acetone (overnight, 4°C), water (3x) and 50 mM KH 2 PO 4 -NaOH buffer (pH 7.0) (2x), digested 615 overnight with 2 mg/ml glucoamylase supplied by Siekagaki Kogyo (Rockville, MD), washed 616 with the same phosphate buffer, water (3x), and acetone then dried. 617
Cell wall polymers were extracted sequentially by 1% ammonium oxalate (AO) (pH 5.0, 618 boiling water bath, 1 h) and after washing with water by 4 M KOH with 3% H 3 BO 4 (2 h). The 619 KOH fractions were neutralized by adding acetic acid to pH 7.0. Fractions extracted by 620 ammonium oxalate and alkali were desalted by passage through a Sephadex G-25 column 621 (19×400 mm) and dried. 622
28
The residue remaining after AO and KOH treatment was washed by water and dried. A 2 623 mg portion was hydrolyzed by incubation with 2M TFA at 120°C for 1 h to determine its sugar 624 content by monosaccharide analysis. The rest of the pellet was used to isolate matrix 625 polysaccharides in polymeric form, following Gurjanov et al. (2008) . Briefly, it was dissolved in 626 8% LiCl in N,N-dimethylacetamide (DMA), cellulose was precipitated by water and degraded 627 by incubation with 1% Cellusoft-L cellulase (Novo Nordisk Bioindustrie S.A., Paris, France; 750 628 EGU/G) in 10 mM NaOAc buffer, pH 5.2, at 33ºC overnight. Supernatants obtained after 629 dissolution with LiCl in DMA and cellulose degradation were concentrated by partial 630 lyophylization, separated from salts and low-molecular weight products of cellulose digestion by 631 passage through a Sephadex G-25 column (19×400 mm), combined and dried. The resulting 632 fraction was designated cellulose-retained polymers. 633
The pellet remaining after partial removal of KOH-unextractable matrix polymers and 634 cellulose digestion was washed by water, dried, hydrolyzed by 2M TFA and subjected to 635 monosaccharide analysis (to obtain "lignin-bound polymers"). The difference between the pellet 636 dry mass and total monosaccharide yield was designated the "lignin content". The fractionation 637 procedure is summarized in Fig. S1 . 638 "Cellulose" content was calculated by subtracting yields of all obtained fractions (buffer-639 extractable, AO-extractable, KOH-extractable, KOH-unextractable polymers, and lignin) from 640 the dry mass of the initial sample. 641 642
Gel-filtration by HPLC 643
The obtained fractions of matrix polysaccharides were dissolved in 0.2 M Na 2 HPO 4 with 644 0.05% of NaN 3 , pH 6.8. Aliquots were taken for sugar content determination by phenol-645 sulphuric acid method (Dubois at al., 1956) , for monosaccharide analysis and for immunodot 646 analysis of total fractions. 500-1000 μg portions of the obtained fractions were size-fractionated 647 in the same buffer by an HPLC system (Gilson, France) equipped with combined G5000PW and 648 G4000PW TSKgel columns (Tosoh Bioscience, Japan). Calibration was performed using 649 Dextran (2000 kD, Sigma), pullulan standards with molecule weights 1600, 400, 200, 100, 50, 650 10, 5 kDa (Waters) and Gal (0.18 kD, Merck). To obtain elution profile after gel-filtration, 0.6 651 ml probes were collected and total sugars were quantified in each probe by the phenol-sulfuric 652 acid method (Dubois et al., 1956 ) using Glc (Merck) as a standard. The presented elution 653 profiles are means obtained from three independent biological replicates based on the 654 carbohydrate contents of the probes and total amounts of sugar in the fractions. 655
According to the two major peaks in the elution profiles, buffer-soluble, KOH-extractable 656 and cellulose-retained polymers were each subdivided into two subfractions. Corresponding 657 probes were combined, desalted by passage through a Sephadex G-25 column (15x50 mm), and 658 concentrated using a vacuum evaporator. Portions of these preparations were used for 659 monosaccharide determination, and (when applied) immunochemical characterization or 660 enzymatic hydrolysis with PACE analysis. 661 662
Monosaccharide analysis 663
Samples for monosaccharide analysis were dried, hydrolyzed with 2 M TFA at 120°C for 1 664 h, dried to remove TFA, dissolved in water and analyzed by high-performance anion exchange 665 chromatography using an DX-500 instrument equipped with a 4x250 mm CarboPac PA-1 666 column and a pulsed amperometric detector (all from Dionex, USA). The column temperature 667 was 30°C and the mobile phase (pumped at 1 ml/min) consisted of 100% B (0-20 min), 90% B 668 (Marcus et al., 2008) , LM21 (Marcus et al., 2010) , JIM14 683 (Knox et al., 1991) , and RU2 (Ralet et al., 2010) , all raised in rat except RU2 (mouse, hybridoma 684 supernatant). They are respectively specific for β-(1→4)-galactan, β-(1→4)-xylan, the XXXG 685 motif of XG, β-(1 → 4)-mannan, an unknown epitope of AGP and rhamnogalacturonan I 686 backbone. The antibodies were kindly provided by Prof. P.Knox (University of Leeds, UK) 687 (LM5, LM11, LM15, LM21, JIM14) and Dr. F. Guillon (INRA, Nantes, France) (RU2). LM5, 688 LM11, LM15, LM21, JIM14 were applied at 1:30 dilution, and RU2 at 1:10 dilution, in PBST. 689
30
After incubation with primary antibodies, membranes were washed three times for 10 min with 690 PBST then incubated with secondary biotinylated antibodies (Sigma) (anti-rat to detect LM5, 691 LM15, LM11, LM21, JIM14 primary antibodies, and anti-mouse to detect RU21) for 40 min. 692
The membranes were washed again three times in PBST for 10 min, incubated for 30 min in 693 streptovidin conjugated with alkaline phosphatase diluted 1:3000 and developed using a 694 nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate kit (Silex). Potato galactan and 695 rhamnogalacturonan I, arabinoxylan from wheat flour and XG from tamarind seeds (all supplied 696 by Megazyme) were used as positive controls. 697 698
Enzymatic hydrolysis and PACE analysis 699
For β-(1→4)-galactan analysis, subfractions of interest with equal amounts of total sugars 700 were digested by incubation with endo-β-(1→4)-galactanase in 10 mM ammonium acetate, pH 701 6.0, at 37˚C for 24 h. β-(1→4)-Galactan standards were prepared from lupin seed pectic 702 galactan (Megazyme) by endo-β-(1→4)-galactanase hydrolysis. For treatment with RG-I lyase 703 prepared from Aspergillus aculeatus (Jensen et al., 2010) , samples adjusted to equal amount of 704 total sugar were dissolved in 500 μl of 0.05 M Tris-HCl solution, pH 8.0, containing 2 mM 705 CaCl 2 and incubated at 21°C for 24 h. For type II arabinogalactan analysis, samples were 706 adjusted to equal amounts of total Ara and hydrolysed by AG-specific enzymes as described by 707 Tryfona et al. (2012) . Carbohydrates were derivatized, electrophoretically separated and 708 subjected to PACE gel scanning and quantification as described by Goubet et al. (2002 Goubet et al. ( , 2009 . 709
Neutral fragments were separated on 8-aminonaphthalene-l,3,6-trisulfonic acid (ANTS) gels, and 710 acidic fragments on AMAC gels. The identity of digestion products was established by mass 711 spectrometry in a previous study (Tryfona et al., 2012) . Control experiments without substrates 712 or enzymes were performed under the same conditions to detect non-specific compounds 713 potentially present in the enzyme preparations, polysaccharides/cell walls or labelling reagents. 714
715
Transmission electron microscopy and immunocytochemistry 716 Segments (ca. 5 mm x 5 mm x 15 mm in tangential, radial, and longitudinal directions, 717 respectively) containing developing TW and NW were cut from the stem of tilted (Fig. 1) CA) was used to enhance signals of gold particles conjugated with secondary antibody. The 737 solution was applied for 2-5 minutes (Hainfeld and Powell 2000) . Sections were stained for 20 738 min with 2% aqueous uranyl acetate and then for 2 min with lead citrate at room temperature 739 (Reynolds 1963, Bozzola and Russell, 1999) . Primary antibodies were omitted in control 740 experiments. Sections were observed and photographed using a 1200 EX transmission electron 741 microscope (Jeol, Japan) operating at 80 kV. 742
743
NMR spectroscopy 744
Polymers obtained after cellulose dissolution were dissolved in D 2 O (99.9%, Ferak, 745 Germany), dried, then re-dissolved in D 2 O (99.994%, Aldrich, USA). 1 H spectra were recorded 746 at 303 K using a Bruker AVANCE III NMR spectrometer (Bruker, Germany) operating at 600 747
MHz. The acquired data were processed and analyzed using Topspin 2.1 software (Bruker, 748 Germany) . 749
750
In situ β-galactosidase activity
751
The substrate for β-1,4-galactosidase, resorufinyl-4-O-(β-D-Galactopyranoside) Res), synthesized as described by Ibatullin et al. (2009) , was a kind gift from Dr. Harry Brumer. 753
Free-hand TW and NW sections were placed in assay buffer containing 47 mM Gal-β-Res and 754 25mM 2-morpholino-ethanesulfonic acid (MES) at pH 6.5 and the evolution of the fluorescent 755 signal from resorufin was monitored by time-lapse confocal microscopy during 80 min, using an 756 LSM 510 instrument (Carl Zeiss). The presented micrographs were taken when the signal 757 plateaued, after 20 min. The argon-krypton laser line at 568 nm excitation and over 570 nm 758 emission was used. (Jones et al.1997) , rhamnogalacturonan I 782 backbone (RU2) (Ralet et al., 2010) , the XXXG motif of xyloglucan (LM15) (Marcus et al., 783 2008) , and an unknown epitope of arabinogalactan protein (JIM14) (Knox et al., 1991) . (Jones et al. 1997) , rhamnogalacturonan I backbone (RU2) (Ralet et al., 2010) , 809 (1→4)-β-mannan (LM21) (Marcus et al., 2010) , and the XXXG motif of xyloglucan (LM15) 810 (Marcus et al., 2008) XG+XET -xyloglucan and xyloglucan endotransglycosylase, which acts to staple S-and G-847 layers (Mellerowicz et al., 2008; Hayashi et al., 2010) 
